PS. Sat1 is dispensable for active oxalate secretion in mouse duodenum.
NEPHROLITHIASIS IS A COMMON disease with increasing prevalence in the United States, and calcium oxalate accounts for 70 -80% of kidney stones (19) . Supersaturation of urine is the underlying driving force for stone formation (19) , and urine concentration of oxalate is an important risk factor for calcium oxalate nephrolithiasis (16) . The level of urinary oxalate is dependent on metabolic production, enteric absorption, and renal excretion (17) .
The role of the intestine in oxalate homeostasis has been underscored by studies in transgenic mice. Specifically, mice with targeted disruption of the gene encoding the apical membrane oxalate transporter SLC26A6 develop hyperoxalemia and hyperoxaluria (4, 7) and a high incidence of calcium oxalate urolithiasis (7) . The predominant source of the excess oxalate in the plasma and urine of Slc26a6-null mice is dietary oxalate (7) , and Slc26a6-null mice have a defect in oxalate secretion in small intestine (4, 7) . These findings support the concept that SLC26A6-mediated oxalate secretion limits net intestinal absorption of dietary oxalate, which would otherwise result in hyperoxalemia and increased glomerular filtration of oxalate, thereby causing hyperoxaluria and increased risk for calcium oxalate stones.
Mouse duodenum has served as a useful model system to study mechanisms of intestinal oxalate transport. SLC26A6 expression in mouse intestinal tissue is highest in duodenum (18) , and active oxalate secretion in this tissue is completely ablated in Slc26a6-null mice (7, 9) . In contrast to the evidence for active oxalate secretion in mouse duodenum, oxalate absorption in this tissue is predominantly, if not exclusively, passive and paracellular (9) . However, no studies to date have addressed the nature of the basolateral membrane oxalate transport process that operates in series with SLC26A6 to mediate active oxalate secretion across mouse duodenum.
Sulfate anion transporter-1 (Sat1 or SLC26A1) is an anion exchanger for sulfate and bicarbonate (HCO 3 Ϫ ) that is capable of mediating oxalate transport and that is expressed on the basolateral membrane of epithelial cells in liver, kidney, and intestine (2, 3, 8, 10, 12, 14, 15, 20) . Moreover, Sat1-null mice have recently been reported to have a kidney stone phenotype remarkably similar to Slc26a6-null mice with hyperoxalemia and hyperoxaluria (3) . This finding has been interpreted to indicate that Sat1 is the basolateral oxalate transporter that collaborates with apical SLC26A6 to mediate intestinal oxalate secretion (3, 5, 17) .
Accordingly, the purpose of the present study is to test the hypothesis that the basolateral step of oxalate secretion in mouse duodenum is mediated by Sat1 and represents a process of disulfonic stilbene-sensitive exchange of oxalate with the Sat1 substrates sulfate and HCO 3 Ϫ . We successfully demonstrate the role of a DIDS (4,4=-diisothiocyanatostilbene-2,2=-disulfonic acid disodium salt hydrate)-sensitive basolateral transporter in mediating oxalate secretion across mouse duodenum, but unexpectedly find that Sat1 itself is dispensable for this process.
MATERIALS AND METHODS
Measurement of oxalate and mannitol fluxes across mouse duodenum. Transport of oxalate and mannitol across mouse duodenum was performed as previously described (9) . In brief, duodenal segments were mounted as intact sheets in a modified Ussing chamber that had an exposed surface area of 0.30 cm 2 20 Ci/mmol, MP Biomedicals, Santa Ana, CA) to the serosal bath, and unlabeled 2 M oxalate and 0.08 M mannitol in the opposite bath. After a 150-min equilibration period to achieve steady-state flux rates, we collected samples before and after the subsequent 60-min period to calculate unidirectional serosa-to-mucosa flux. All flux studies were performed under short-circuited conditions using a Multichannel Voltage/Current Clamp-Model VCC MC6 (Physiologic Instruments, San Diego, CA). The apparent permeability coefficients (P app) for oxalate and mannitol were calculated using the following equation: Ϫ in Ringer solution with 25 mM HEPES and adjusting pH to 7.4 with NaOH. For experiments involving carbonic anhydrase inhibition, a stock solution of acetazolamide (Sigma-Aldrich, St. Louis, MO) dissolved in DMSO was added to both the mucosa and serosa for the final concentration of 0.5 mM in each compartment, and equivalent DMSO was added to the control solutions (0.05%).
The generation of Sat1-null mice was previously described (3). Mice homozygous and heterozygous for disruption of Sat1 were compared with wild-type mice of the same C57BL background. Genotyping was confirmed by PCR, as reported (3). All other experiments (e.g., effects of DIDS, sulfate, HCO 3 Ϫ ) were performed using wild-type 129 mice, the background strain for Slc26a6-null mice generated in our laboratory (7) .
All animal protocols were approved by the Yale University Institutional Animal Care and Use Committee.
RT-PCR of Sat1 transcript in mouse intestine and kidney. Total RNA samples from different segments of mouse intestine and kidney were extracted with RNeasy Mini Kit (Qiagen) from 6-mo-old wildtype 129S6/SvEv mice. Residual genomic DNA contamination was removed from total RNA samples with the DNA-free kit (Ambion, Austin, TX), and RNA was subjected to reverse transcriptase PCR using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). The resultant cDNA was used to conduct real-time PCR on the Applied Biosystems 7300 Real Time PCR System (Applied Biosystems, Foster City, CA). Mouse SLC26A1 specific oligonucleotide primers (5=-ACAACACTGAT-CATTGGGCTACA; 5=-GCCGGAGGATACCCATGAG) were designed with Primer Express 3.0 software from mouse SLC26A1 nucleotide sequence (NM_174870) retrieved from GenBank. A pair of mouse hypoxanthine phosphoribosyltransferase-1 primers (5=-CAG-TACAGCCCCAAAATGGT; 5=-CAAGGGCATATCCAACAACA) was used as an internal control. Real-time PCR was performed using the Power SYBR Green PCR Master Mix and PCR Reagents Kit (Applied Biosystems, Foster City, CA). All PCRs were run in triplicate. Data are expressed using the comparative threshold cycle (dCt) method, and mRNA ratios of SLC26A1 to histone are given by 2
ϪdCT . After quantitative PCR, the PCR product was directly subcloned into the pCR4-TOPO plasmid by using the TOPO TA cloning Kit (Invitrogen, Carlsbad, CA). Sequencing was performed using the M13 forward primer by the Yale Keck DNA Sequencing Facility.
Data analysis and statistical evaluation. Data are presented as means Ϯ SE. Student t-test was used to test for statistical significance of the difference in means. JMP 9.0.0 (SAS Institute) was used for statistical analysis. A P value of Յ0.05 was considered as a statistically significant difference. Fig. 1A , amplification of cDNA from mouse duodenum by RT-PCR using primers based on the mouse SLC26A1 sequence resulted in a product of the expected size, as found in kidney. Sequencing of the PCR product from mouse duodenum confirmed that it represented SLC26A1 (Fig. 1B) . Shown in Table 1 , relative expression of Sat1 by quantitative PCR was found to be highest in the kidney, followed by proximal colon, duodenum, ileum, and distal colon. We were unable to detect active oxalate secretion in proximal colon (data not shown) and, therefore, tested the role of Sat1 in the duodenum, a segment with a high rate of oxalate secretion (7, 9) .
RESULTS

Expression of Sat1 in mouse intestine and kidney. As illustrated in
Effect of DIDS. As the initial approach to test the hypothesis that the basolateral step of oxalate secretion in mouse duodenum is mediated, we examined the effect of the anion exchange inhibitor DIDS. Sat1 is highly sensitive to DIDS, with an IC 50 of 30 M (2). We tested the effect of 1 mM DIDS, a concentration that inhibits mouse Sat1 Ͼ90% (11). To specifically identify the effect of DIDS on transcellular oxalate secretion, we measured the P app for secretion of [
14 C]oxalate simultaneously with that of [ 3 H]mannitol, a marker for passive flux through the paracellular pathway. We previously demonstrated that the P app for secretion of oxalate across mouse duodenum exceeds that of mannitol. However, the excess secretory P app of oxalate compared with mannitol is abolished by luminal DIDS and is absent in duodenum of Slc26a6-null mice. These findings indicated that the secretory flux of oxalate has two components: a paracellular flux with identical apparent permeability to mannitol, and a transcellular flux that is inhibited by luminal DIDS and is completely dependent on apical membrane SLC26A6 activity (9) . Shown in Fig. 2 , addition of 1 mM DIDS to the serosal medium had no effect on mannitol flux, but significantly inhibited oxalate secretion across mouse duodenum. Indeed, serosal DIDS almost completely abolished the higher secretory P app of oxalate compared with mannitol, indicating Ͼ90% inhibition of the transcellular component of oxalate secretion. The results of this experiment indicate that activity of a DIDS-sensitive basolateral transporter is required for transcellular oxalate secretion across mouse duodenum.
Effects of sulfate. To additionally test the hypothesis that the basolateral step of oxalate secretion in mouse duodenum is mediated by Sat1, we evaluated the effects of its high-affinity substrate sulfate (2) . The Michaelis constant (K m ) of mouse Sat1 for sulfate is 0.31 mM (11) . A potential mechanism by which Sat1 could mediate active oxalate uptake across the basolateral membrane is by exchange for intracellular sulfate. If the basolateral step in transcellular oxalate secretion is exchange for intracellular sulfate, then it is possible that oxalate secretion would be stimulated by addition of sulfate to the luminal solution. However, as seen in Fig. 3 , addition of 1 mM apical sulfate failed to significantly stimulate oxalate secretion across mouse duodenum.
The inability of apical sulfate to stimulate oxalate secretion does not rule out a role for Sat1; in the absence of added sulfate, it is possible that another substrate of Sat1 (such as HCO 3 Ϫ , see below) is at sufficient intracellular concentration to drive oxalate uptake across the basolateral membrane. Regardless of the specific intracellular exchanger partner for oxalate, it is predicted that adding sulfate to the serosal solution at a concentration several fold higher than its K m should compete with oxalate and thereby inhibit any oxalate secretion mediated by Sat1. As illustrated in Fig. 4 , addition of 1 mM sulfate to the serosal medium did not significantly inhibit oxalate secretion across mouse duodenum. Although a small inhibitory effect of serosal sulfate cannot be excluded, the results in Fig. 4 strongly argue that the major fraction of oxalate secretion across mouse duodenum is sulfate insensitive and thus unlikely to be mediated by Sat1.
Effects of HCO 3
Ϫ . In addition to sulfate, HCO 3 Ϫ is a major substrate for anion exchange mediated by Sat1 (10). Thus Values are means Ϯ SE (n ϭ 6). Expression levels of sulfate anion transporter-1 (Sat1) relative to hypoxanthine phosphoribosyltransferase-1 were determined by quantitative PCR. another potential mechanism by which Sat1 could mediate active oxalate uptake across the basolateral membrane is by exchange for intracellular HCO 3 Ϫ . If the basolateral step in transcellular oxalate secretion is exchange for intracellular HCO 3 Ϫ , then it is possible that the rate of oxalate secretion would be affected by the HCO 3 Ϫ gradient across the basolateral membrane. However, as shown in Figs. 5 and 6, respectively, neither lowering serosal HCO 3 Ϫ from 25 to 7.5 mM, nor raising serosal HCO 3 Ϫ from 25 to 75 mM, significantly affected the rates of oxalate secretion.
Carbonic anhydrases catalyze the hydration of intracellular carbon dioxide to form HCO 3 Ϫ in many tissues (13) . Inhibition of carbonic anhydrase reduces duodenal HCO 3 Ϫ secretion, an effect attributed, in part, to blunted generation of intracellular HCO 3 Ϫ (6). Accordingly, as another strategy to evaluate the role of HCO 3 Ϫ in duodenal oxalate secretion, we tested the effect of the carbonic anhydrase inhibitor acetazolamide. Illustrated in Fig. 7 , addition of acetazolamide to the luminal and serosal bathing solutions failed to significantly alter the rate of oxalate secretion.
As a final test for the HCO 3 Ϫ dependence of oxalate secretion, we evaluated whether transcellular oxalate secretion would persist in the nominal absence of carbon dioxide and HCO 3 Ϫ from the bathing media. Remarkably, as indicated in Fig. 8 , even in the complete absence of adding CO 2 /HCO 3 Ϫ to the bathing media, transcellular oxalate secretion was still present, as shown by the excess secretory P app of oxalate Ϫ in oxalate secretion strongly argue against the operation of a basolateral transport mechanism mediating oxalate-HCO 3 Ϫ exchange. Effect of Sat1 gene deletion. Although we had failed to detect roles for the Sat1 substrates sulfate and HCO 3 Ϫ in duodenal oxalate secretion, it remained possible that Sat1 might nevertheless mediate basolateral oxalate uptake by exchange for an intracellular anion yet to be identified as a Sat1 substrate. Therefore, as the definitive test for the role of Sat1, we examined the effect of Sat1 gene deletion on oxalate secretion across mouse duodenum. As illustrated in Fig. 9 , we could detect no change in oxalate secretion across the duodenum of Sat1-null mice. The absence of any defect in oxalate secretion in Sat1-null mice effectively rules out Sat1 as the principal basolateral oxalate transporter that operates in series with apical SLC26A6 to mediate transcellular oxalate secretion across mouse duodenum.
DISCUSSION
Our goal was to test the hypothesis that the basolateral step of oxalate secretion in mouse duodenum is mediated by Sat1 and takes place by exchange of oxalate with one or both of the Sat1 substrates, sulfate and HCO 3 Ϫ . We confirmed expression of Sat1 in this segment of mouse intestine by RT-PCR. However, we could find no significant effects of sulfate and HCO 3 Ϫ on oxalate flux, and we were unable to detect a defect in oxalate secretion across the duodenum of Sat1-null mice.
We focused on duodenum because SLC26A6 expression in mouse intestinal tissue is highest in this segment of the intestine (18) , and active oxalate secretion in this tissue is completely ablated in Slc26a6-null mice (7, 9) . The observed defect in oxalate secretion in small intestine of Slc26a6-null mice correlates with a phenotype of hyperoxalemia and hyperoxaluria (4, 7) due to enhanced net absorption of dietary oxalate (7) .
The observation that mice with disruption of the gene encoding Sat1, a basolateral anion exchanger able to transport oxalate (2, 8, 10, 14, 15, 20) , have a similar phenotype of hyperoxalemia and hyperoxaluria as found in Slc26a6-null mice (3) has been interpreted to indicate that Sat1 is involved in the same pathway of oxalate secretion (3, 5, 17) . However, our results clearly indicate that Sat1 is dispensable for oxalate secretion across mouse duodenum. We demonstrated that the basolateral step in transcellular oxalate secretion is DIDS sensitive. Given its low expression level, Sat1 may not contribute significantly to oxalate secretion that is predominantly mediated by another DIDS-sensitive basolateral transporter yet to be identified.
The physiological role of Sat1 in the duodenum remains to be determined. Since the apical membrane Na ϩ -coupled transporter NaS1 is expressed along the entire small intestine, including the duodenum (1), it is possible basolateral Sat1 is involved in the process of sulfate absorption. Indeed, we found that oxalate secretion is not sensitive to competition by serosal sulfate, implying that the basolateral transporter mediating oxalate secretion does not transport sulfate. Thus distinct basolateral transporters may participate in sulfate absorption and oxalate secretion. Future studies will need to be directed at identifying transporters other than Sat1 that are important for mediating oxalate secretion in the duodenum.
Finally, although Sat1-null mice have a similar phenotype to Slc26a6-null mice with hyperoxalemia and hyperoxaluria (3), the basis for this phenotype must be independent of duodenal oxalate secretion. One possibility is that Sat1 plays an important role in oxalate secretion in another intestinal segment, such as in the proximal colon, a site of high expression (Table 1) . Although we were unable to detect oxalate secretion in proximal colon under the conditions of our in vitro experiments using isolated tissues, it is possible that oxalate secretion across mouse colon occurs under physiological conditions in vivo. Another possibility is that the mechanism underlying hyperoxalemia and hyperoxaluria in Sat1-null mice is not enteric in origin. Whereas the predominant source of the excess oxalate in the plasma and urine of Slc26a6-null mice was shown to be dietary oxalate (7), this has not been studied in Sat1-null mice.
In summary, we have demonstrated the contribution of a DIDS-sensitive basolateral transporter to mediating oxalate secretion across mouse duodenum, but cannot detect a role either for the Sat1 substrates sulfate and HCO 3 Ϫ , or for Sat1 itself in this process. We, therefore, conclude that a DIDSsensitive basolateral transporter other than Sat1 operates in series with apical SLC26A6 to mediate oxalate secretion across mouse duodenum.
